The non-isothermal TG/DSC technique has been used to study the kinetic triplet and heat of ignition reaction of ammonium nitrate(V) (AN)/thiourea (TU) pyrotechnic in the presence of Mn2O3 catalyst nanoparticles under an argon atmosphere at different heating rates (5 K·min ). The activation energies for the ignition reaction of AN/TU were calculated using the non-isothermal isoconversional Kissinger-Akahira-Sunose (KAS) and Friedman equations for different conversion fraction (α) values in the range 0.1-0.9. The pre-exponential factor and kinetic model were determined by means of the compensation effect and the selected model was confirmed by a nonlinear fitting method. The average activation energies in the absence and presence of 5 wt.% Mn2O3 nanoparticles were 110.1 kJ·mol ). The evolved heat (ΔH) of ignition reaction in the presence of Mn2O3 was about 4 times that in the absence of the nano-sized Mn2O3.
of ignition by producing oxygen [2] . Ammonium nitrate(V) (AN, NH 4 NO 3 ) is a well-known oxidizer used in pyrotechnic and propellant formulations [3] [4] [5] . Pure AN is not an explosive compound but the addition of a small amount of a suitable organic or inorganic compound makes the mixture capable of explosion [6] . Due to its suitable properties [7] such as chemical stability, low cost, low melting point (169.6 °C), low sensitivity to friction and shock, and also the fact that it undergoes almost 100% conversion to gaseous products upon reaction, AN has been extensively used in various energetic materials compositions. Also, thiourea (TU) has been used as a fuel in pyrotechnic compositions, such as in combination with potassium chlorate(V) [8] .
The thermal decomposition and kinetic behavior of pyrotechnic compositions can be significantly improved by the presence of metals and metal oxides, especially if they are in nano-sized forms [9] [10] [11] . Among the metal oxide catalysts, nanoparticles of transition metal oxides such as ferric(III) oxide (Fe 2 O 3 ) and manganese oxides (MnO 2 or Mn 2 O 3 ) are highly effective in improving the decomposition of oxidizers [12] [13] [14] .
In this study, a new pyrotechnic composition (AN/TU) is presented and the effect of synthesized Mn 2 O 3 nanoparticles on the thermal decomposition of the mixture is evaluated systematically using TG/DSC analysis under an argon atmosphere at different heating rates (5 K·min ). To the best of the authors' knowledge, no study has yet been reported on the reaction of AN/TU compositions. In the present work, the ICTAC Kinetic Committee recommendations [15] were used for a reliable estimation of the kinetic parameters. The activation energies were computed using the isoconversional Kissinger-Akahira-Sunose (KAS) and Friedman equations [16] [17] [18] . The pre-exponential factors and kinetic model functions were determined by means of the compensation effect and the selected model was confirmed using a nonlinear fitting method. Also, the enthalpy of the ignition reaction was calculated using the ASTM E537 method [19] .
Experimental

Materials
All the chemicals used in this study were of analytical grade (purity > 99%) purchased from Merck Company and used as-received without further purification. De-ionized water (0.054 µS·cm ) was used for preparation of aqueous solutions.
Synthesis of the materials
Synthesis of Mn 2 O 3 nanoparticles by co-precipitation method
The preparation of Mn 2 O 3 (Mn(III) oxide) nanoparticles was based on our previously reported method [20] . Manganese(II) sulfate and oxalic acid solutions (both 0.05 mol·L −1 ) were mixed thoroughly by stirring at a constant temperature of 60 °C, followed by drop-wise addition of ammonia solution under continuous stirring until the solution pH reached 9.3. Stirring was continued for 1 h at the same temperature. The resulting brown precipitate was filtered and washed thoroughly with water. The precipitate was dried overnight at 95 °C. The dry powder was ground in a zirconium carbide mortar for 15 min to produce a fine powder. Finally, the fine powder was calcined in a furnace at 500 °C for 4 h.
Preparation of micro-sized ammonium nitrate and thiourea
Ammonium nitrate(V) and thiourea were milled separately in air using a Fritsch ball mill, model Mini Mill II, using a vessel and balls made of zirconium carbide (ZrC). The ball-milling was carried out using the following conditions: rotation speed, 300 rpm; powder-to-ball weight ratio, 1:20; milling time, 10 min. The fine powders produced were dried at 80 °C for 2 h and then sieved using a 45 µm sieve before preparing the test samples.
Preparation of the samples for thermal analysis
A mixture of fuel-rich AN/TU (50/50 wt.%) was prepared by intimately mixing the powders in a mortar for about 30 min. The synthesized nano Mn 2 O 3 was added to the AN/TU (50/50 wt.%) mixture in a 5:95 mass ratio and the mixture was thoroughly mixed in the mortar for about 30 min.
Characterization of the nanoparticles
The X-ray diffraction (XRD) pattern of the nanoparticles was obtained using a Bruker D8 Advance powder diffractometer using Ni filtered Cu K α radiation (λ = 1.54056 Å). The surface morphology of the products was characterized using a COXEM scanning electron microscope (SEM) with an accelerating voltage of 25 kV. Prior to the test, the powder samples were gold coated for 30 s in an ion sputtering unit (COXEM) to reduce the effect of charging. The Brunauer-Emmett-Teller (BET) surface area of the synthesized nanoparticles was determined by N 2 adsorption using a COSTECH sorptometer instrument, model KELVIN 1042 (Italy).
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Thermal analysis conditions
The TG measurements were carried out using a Perkin Elmer simultaneous thermal analyzer, model STA 6000 (USA). Alumina sample vessels were used (70 µL volume) with alumina powder as the reference material. An argon atmosphere was created during the analysis (flow rate of 20 mL·min
−1
). For kinetic studies of the thermal decomposition, thermal analysis experiments were performed at heating rates of 5 K·min In each experiment, approximately 3.5 mg sample was taken and heated from ambient temperature (25 °C) to 900 °C.
Results and Discussion
Characterization of the synthesized Mn 2 O 3 nanoparticles
The XRD pattern of the nano-sized Mn 2 O 3 synthesized by a co-precipitation method is shown in Figure 1 . The crystallite size of the nanoparticles was calculated using Scherrer's equation [22] . The average crystallite size for Mn 2 O 3 nanoparticles estimated by this method and based on the highest peaks in the XRD spectrum (plane 222) was 27.7 nm.
The surface morphology of the synthesized nano metal oxide was obtained using a SEM (Figure 2 ). The image shows that the metal oxide consists of agglomerated particles with an average particle size of less than 100 nm.
The BET measurement showed that the specific surface area of the Mn 2 O 3 nanoparticles was 35.6 m 2 ·g
.
Figure 2. SEM image of the Mn 2 O 3 nanoparticles
Thermal analysis
Thermal behavior of pure AN and TU
The TG/DSC curves for the thermal decomposition of pure ammonium nitrate(V) and thiourea at a heating rate of 10 K·min −1 under an argon atmosphere are presented in Figures 3 and 4 , respectively. From the DSC thermogram shown in Figure 3 , the two first endothermic peaks observed around 56 °C and 126 °C are due to phase transitions in AN and the sharp endothermic peak at approximately 168 °C can be assigned to the melting point of AN [23] . A broad endothermic peak related to decomposition is observed at a peak temperature of 265 °C. The TG curve also shows that after AN melts, decomposition occurs with a mass reduction of about 100% according to the following reaction (Eq. 1) [23] : The DSC thermogram of pure TU in Figure 4 shows two overlapping endothermic peaks in which the first sharp endothermic peak (with its maximum at 179 °C) is related to the melting point of TU. The broad endothermic process (peak temperature 225 °C) is due to decomposition of TU [24] . The TG thermogram for TU shows that similarly to AN, TU starts to decompose after it melts. Among the possible gaseous products from the thermal decomposition of TU, two product pairs including ammonia + isothiocyanic acid, and hydrogen sulfide + carbodiimide can be generated according to the following reactions (Eq. 2 and Eq. 3) [25] : endothermic peaks at about 126 °C and 153 °C, which can be assigned to the phase transition temperature and melting point of ammonium nitrate(V) in the AN/TU mixture. The observed exothermic peak is assigned to the ignition reaction of AN/TU according to the following reaction (Eq. 4):
Thermal behavior of the mixtures
Despite the fact that the thermal decomposition of AN and TU are endothermic, an exothermic pattern was observed during the reaction between AN and TU in the DSC curves. As the heating rates increase, the exothermic peaks for the ignition process shift to higher temperatures (220.5 °C, 232.5 °C, 241.1 °C and 244.6 °C, for heating rates of 5 K·min ) under an argon atmosphere are shown in Figure 6 . Similar to the DSC thermogram of the AN/TU mixture, two weak endothermic peaks were observed around 120 °C and 150 °C followed by a sharp exothermic peak. We assigned the observed exothermic peak to the ignition reaction of AN/TU in the presence of nano sized Mn 2 O 3 . As the heating rate was increased (5 K·min , respectively) and the intensity of the corresponding reaction peak increased.
Comparison of the DSC curves in Figures 5 and 6 shows that the peak height for the ignition reaction in the presence of Mn 2 O 3 nanoparticles is about 4 times that for the composition without the metal oxide. This behavior reveals that the presence of Mn 2 O 3 nanoparticles in the mixture causes the reaction between AN and TU to be more complete and/or the reaction products are changed. The following equation (Eq. 5) is suggested for the reaction between AN and TU in the presence of Mn 2 O 3 nanoparticles:
The enthalpies (ΔH/J·g −1
) for the ignition reaction of AN/TU in the presence and absence of nano Mn 2 O 3 at different heating rates, calculated using the ASTM E537 method, are given in Table 1 . As can be seen, the average heats evolved The theoretical calculations of the heat of reaction based on bond energy [26] indicate that ΔH of reactions (4) and (5) The TG curves in Figures 5 and 6 show that before the start of AN/TU reaction, there is a mass loss process which can be related to the thermal decomposition of TU. This process can be also described by the TG curves presented in Figure 7 . Thus, the ignition reaction of AN/TU mixtures started with the decomposition of ammonium nitrate.
Kinetics of the solid-state reactions
The rate of processes in the solid-state is generally described by the following equation (Eq. 6): (6) where α is the conversion fraction, t is time, A (min
) is the pre-exponential (frequency) factor, E α is the activation energy as a function of α (kJ·mol
), R is the universal gas constant (8.314 J·mol
), T is absolute temperature (K), and f(α) is the reaction model function depending on the particular decomposition mechanism [27, 28] .
The activation energy (E α ), the pre-exponential factor (A), and the reaction model function f(α) are called the kinetic triplet. The kinetic triplet is required for prediction of the thermal stability of the materials under various applied temperatures and is needed to provide a mathematical description of the process [29] .
Calculation of the activation energy by Model-free Isoconversional Method
According to the ICTAC Kinetic Committee recommendations [15] , the activation energies (E α ) were calculated by the KAS and Friedman methods based on DSC data at multiple heating rates (5 K·min ). The KAS and Friedman methods can be expressed in Eq. 7 and Eq. 8, respectively:
The activation energy values can be obtained from the slope of plots of The mechanism of the catalytic action of Mn 2 O 3 can be discussed based on the activity of the metal cation in forming a surface complex with nitrate anions.
The catalytic activity of the metal oxides is related to their electron configuration [30, 31] . The metal cations in Mn 2 O 3 with partially filled d-orbitals have unfilled valence orbitals and relatively small size because of low electrical shielding. Therefore, they have a high tendency to attract extra electrons or negative charges and behave as Lewis acid sites [32] . On the other hand, the oxygen atoms in the nitrate anion (NO 3 − ) have unshared electron pairs, and thus behave as Lewis bases donating their unshared electron pairs to the empty valence orbitals of the metal cations of the oxide catalyst to form a surface complex. Formation of the M−O coordination bond weakens the O−N bond in the NO 3 − group and thereby facilitates the decomposition process of AN [20] .
Determination of the kinetic triplet by Model-fitting Method
In order to select the reaction model, different kinetic functions [29] of the common models in solid-state reactions were tested with the Kennedy and Clark model fitting method as following (Eq. 9) [33] : (9) According to Eq. 9, the plots of ln[β·g(α)/(T−T o )] versus 1/T at different heating rates (β s ) can be obtained by linear regression. The most probable mechanism function g(α) is the function that affords the most linear plot with a linear regression coefficient R 2 closest to 1.000. The compensation effect [19] was used for accurate determination of the reaction model and pre-exponential factor, and the calculated E i and A i values from each of the models at different heating rates were substituted into Eq. 10 to determine the compensation effect parameters a and b.
The pre-exponential factor A o was calculated by substitution of the calculated E o from the model free method and the a and b parameters in Eq. 11:
The calculated results are presented in Table 3 . The E o and A o values were substituted into Eq. 12: The kinetic triplet of AN/TU reaction in the presence and absence of nano metal oxide obtained by using model-fitting and compensation methods
Ignition reaction The calculated numerical values of f(α) were compared against the theoretical dependencies obtained from the f(α) equations (e.g. Table 3 ) to identify the best matching model. By applying this method to all of the reaction models, the mechanism function of Avrami-Erofeev A 4 
) were found to be the best fits for the ignition reaction of AN/TU/Mn 2 O 3 and AN/TU mixtures, respectively. Plots of the theoretical and experimental f(α) versus α at different heating rates for each of the reactions are presented in Figures 8 and 9 .
The RSS (residual sum of squares) values that the show minimum difference between the experimental and theoretical values of f(α), presented in Table 3 The pre-exponential factor (A) and kinetic model function were determined by the compensation effect that associates model free and model fitting data to select the best model. By this method the Avrami-Erofeev mechanism functions A 4 and A 3 were assigned to describe the most probable mechanism for the AN/ TU ignition reaction in the presence and absence of the studied nano-metal oxide, respectively.
